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Chapter 1 

Introduction 

In the early 2000s, scientists began experimenting with creating material s that 

could perform tasks not fo und in nature.By manipulating electromagnetic waves 

using artificial stru ctures, they successfully developed a new class of materi­

als called metamaterials[? J These materials exhibit extraordinary properties 

for manipulating light. Such as making things disappear or capture incred­

ibly detailt;>d images. TheSt' materials are called metamaterials.But now, sci­

en tists arc til.king the mil.tcrials to it whole new level by adding super tiny 

quantum elements, creating something they call Quantum Metamaterials. The 

Quantum Metamaleriais, ma de u p of quantum elements ha ve specific quan ­

tum sta les which keep those states working together for a really lon g time. 

This is crudal for advanced technologies in field s like quantum sensing and 

information proct'ssing[? }.The development o f such materials entails explor­

ing their suitilbility fo r quantum informiltion p rocessing. An intriguing ex­

periment entails integrating quantum emitters into a negative permeability 

metamaterial configuration. This essentiall y means add ing tiny ligh t.em itting 

particles to enhance the material's responsiveness[? I. In this study, we inves­

tigate the incorporation of quantum emitters into a metamaterial framework 

with negati ve permeability, thereby enabling the manipulation of tunability 

and nonlinear charilctcristics. Our metamaterial 's nano hybrid molecule, com­

posed of metal nanop.uticles and semiconductor quantum dots (SQDs) . In 

the absence of SQDs, the nano hybrid molecule's ring functions as an artificial 

optical magnetic resonator. The introduction of SQIJs induces a Fano inter-
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INTRODUCTION 

ference profile, s ignificantly impacting the collective magnetic resonance.This 

interference becomes a tool to fine-tune the negative permeability metamate­

rial response. Moreover, by delving into the intrinsic nonlinearity of quantum 

dots (QDs), we suggest manipulating the magnetic response of the metama­

terial through the introduction of a distinct control field. Additionally, em­

ploying a quantized approach. we conduct theoretical analyses on the optical 

attributes of a hybrid system comprising metal nanoparticles and quantum 

dots under the influence of an extemallaser field. l1lis investigation unveils 

controlled resonance fluorescence features. The methcxl.'s versatility extends 

to other Th1.noscopic structures, presenting potential applications in advanced 

technologies [? ] 

Nanoparticles: A super small tiny particles, usually of 1 to 100 nanometers 

in size. They have special properties because of their size. We may imagen 

them as really tiny spheres made of material atoms. 

Moreover MNPs are made of metals like gold or silver, Where as semicon­

ductor nanoparticles are made of material s like InAs or CdS. In cause semi ­

conductor nano particles trap an electron and a hole (a missing electron) in all 

directions. they're callai SQDs. 

In thi s study, we're looking at metallic nanoparticles ranging from a few 

nanometers to 100 run . DecauSt' thefe afe lots of electrons in these metal s, we 

can think of them like tiny classical objects. The sl ightly smaller SQDs, on 

the other hand, need a more quantum approach for modeling because of how 

electrons are confined inside them 

Nano-Super-Structures: A bunch of reall y tiny things grouped together 

is called a nanosuperstructure. These small-scale setups have special abilities 

and can be designed for specific tasks. TImnks to progress in nanoscience, we 

can now create and study these nanosuperstructurcs b y combining d ifferent 

building blocks like nanowires, quantum dots etc. This lets us explore science 

that range from classical to quantum mechanics It's not just about under­

standing the science; these structures might lead to new devices in quantum 

information technology. Imagine being able to move excitations and coherent 

states around I 

Experiments have shown that we can control where quantum dots land 
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INTRODUCTION 

near nanowires using a cool process. We've also put together hybrid stmc­

tures, like quantum dots connected to metal nanoparticles through biolinkers. 

This combo showed efficient com"ersion of excitons, plasmons, and photons, 

leading to enhanced emission rates. 

One exciting area is combining semiconductor quantum dots (SQDs) with 

metal nanoparticles (MNPs). Thi s mix is a hot topic in theoretical physics be­

cause it lets us study systems that blend classical and quantum physics. It 

could even open doors to sending tiny bits of information and excitations in a 

specific direction. 

In this thesis, we're diving into the physics of nanohybrid molecules, specif­

ically th ose made with MNP and SQDs_ We wantto see how a nearby quantum 

dot influences the behavior of a metal nanoparticle. By unders tanding how 

these tiny particles act together, we're unlocking new possibilities in science 

and teclmology. 

Application : Quantum Hybrid Controllable Metamaterials offer diverse 

applications, including biosensors and medical imaging in Sensing Technol ­

ogy [? 1. potential invisibility in Cloaking Dev ices [? }, and superlenses over­

coming diffraction limits. Tailored for Energy Harvesting, they convert specific 

electromagnetic frequencies into usable energy [? ]. In CommuniGltions, these 

lI1etamateriais enhance signal processing and wireless technologies, while in 

Optical Devices [? ? ], they focus different wavelengths for advanced imaging. 

Acoustic Metamaterials control sound waves for noise reduction, ultrasound 

imaging, and seismic wave mitigation [? 1- In Quantum Computin g, quantum 

metamaterials contribute to developing qubits and controlling quantum states, 

showcasing their versatile potential across various technological domains [? 1. 
Ongoing researdl continues to uncover new possibilities, making this field dy­

namic and promising. 
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Chapter 2 

Hybrid N anD - Structure 

As illustrated in the schematic diag ram shovvn in Figure 2.1 , we examine a 

hybrid structure that consists of a two-level QD and a spherical MNP with a 

radius denoted as rm . Positioned at a center-to-center distance marked as ct, 
the MNP and QD arc i.m.Jncrscd in a uniform dielectric medium charnclcrizcd 

by a permittivity denoted as Cb. This hybrid molecule is exposed to both an 

external driving field Edri = Eoe- u'-'JI + e.e. where Eo represents the amplitude, 

wd is the angular frequency, and C.c. ind icates the complex conjugation. Addi­

tionall y, it experiences th e influe nce of a broadband squeezed vacuum denoted 

as Esqll ' Th ... polarization of the externally applied elt:<..:trk fie ld ali );I1s with the 

axis connecting the MNP and QD structure. [12] 

The MNP possesses relll_arkabl e opLicaJ ch araderisLics, allovv-ing iL Lo sus­

tain LSPs. This capability enables the MNP to amplify and concentrate optical 

fields into subwavelength ranges [13 ]. In the case of plasmonic metals vv-ith 

a single valence (such as silver, gold, copper, and alkaline metals), the skin 

depth (ls) for these metals is approximately 25 run across the entire optical 

specLrum [14].For MNP such a sllla Ll scale where the Ym ::S Is, Ihe eXLernallighl 

fie ld has the capability to permeate the entire MNP. This penetration induces 

coll ective e lectron osdllations, allowing the MNP to confine electromagnetic 

energy in the form of electrome<.:hanical energy at the nanos<.:ale. When the 

size of the MNP is significantly smaller than the wavelength (.\) of the incident 

light (r ,,, « A), (it becomes evident thi:lt t he condition r", « .\ is inhe rentl y 

met, especially when rill :s Is). The quasistatic approximation proves to be a 
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Figure 2..1: llu stration of the hybrid system con,isting of a spherical MNP and a 
QD embed.ded in a homogeneous dielectric ffi€dium with a retati \'e permittiv­
ity of t:~ (in this t:as.t:', \'acuum, Cb = 1). Both tht:! MNP and th ~ hvo-ll'vel QD art:! 
subjected to an externa l e lectric field [dr ;' To cla rify the polarizalion d irection 
of the e.pp lied elec tric field. We d efine the :major axis of the h yb rid M\lP-QD 
system as parallel t o t.ile z-axis. Additionally. the hybrid system interacts with 
a squeezed vacuum, E~r4 ' Notably, in the hybrid MNP-QD system, there is no 
direct tunneling interaction between the r..1Np and QD. The coupling beh'l.'een 
the Localized Surf.ncc Plnsrnon (LSf) in the 1\1NP und the exciton in the QD 

aristt; frUin the lOl1 b-r angt:! CuuJOlnb inteJal:tioll, kadin" to tht' funnatiun of a 
hybrid molEcule and facilitating energy transfer. The coupling strength be­
tween the MNP and QD is parameterized by g O ther symbols are defined and 
explained in the main text . 

valuabJe method for effectively addressing the interaction betwe~n the MNP 
and the i nci den~ lig ht field [15] . Th e q uasidalic approxim ation permi t :" the as­

sumption that the incident light fie ld is nearly unibrm across the entire MNP 
sphere. This involves focusing sole ly on the time-dependent aspect o f the os­

cillating el ectromagnetic field -",hiIe neglecting its spatial vali ations. W ithin 

the qu~s istatic regmer i t is efficient to consider the MNP .as an id eal dipo le. 

Thi s approach is justified by Hie fac t that th e incident fie ld has the capaCity 

to intenct snle ly w ith the dipol~ momen t flf the MNP, exclud ing higher-order 

mullipoles. [16, 171. When exanLining Lhe hybrid MNP-QD syslem. Lh e d ipole 

upproxitl.Hl lion rcrnuins valid as long us the scpura Liotl dislance between Lhe 
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MNP and QD is sufficiently large. Conversely, the QD can be considered as 

a pointlike two-Ie\'el system featuring an excited state Ie) and a ground s tate 

Ig), as depicted in the inset of Figure 2.1. Under the influence of the exter­

nal laser. the QD detects the superposition field, which composed both the 

external e lectric field and the polarized e lectric field generated by the MNP. 

Simultaneou sly, the polarized electric field induced by the QD also influences 

the MNP, leading to a self-feedback mechanism behveen these fields within 

the hybrid MNP-QD system. Within the hybrid system, we explore the op­

tical response of the entire system driven by the external fie ld by employing 

the dipole-dipole interaction coupling behveen the lSP in the MNP and the 

exci Lon in the QD. 

2.1 Total Hamiltonian Of The Metamolecule 

In the presence of an external fjeld Edr j, the overall Hamiltonian for our hybrid 

MNP-QD system, w ithin the clipole and rota ting-wave approximations, t:an be 

expressed as: 

if = Ho + H i/It + Hdri · (2.1) 

The initial term on the right-hand side (RHS) of Equation (2.1), correspond­

ing to the unperturbed Hamiltonian(fio) of the isol a ted MNP and QD, can be 

formula ted as 

(2.2) 

Where (~)m represents the resonance frequency of the surface plasmon in the 

MNP.Thc spatial d ielectri c function of the MNP is defined as cm (w ) = Coo 

<.if, Thi I d th I h l, )p In th o d (vi+ lK(v ' S ea s to e re abons Ip W,,, = y 2£b+ £'= IS context Wp enotes 

the plasma frequency of the metal, CCQ represents the ultraviolet permittivity 

of the metal, and Cb stands for the relative permittivity of the homogeneous 

dielectric in which the hybrid lvINP-QD system is embedded.The formulation 
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HYBRID NAND - STRUCTURE 

for the ~urfact! plasmon rt:sonance fr~quency of the rvtNP i s approxirnah:d as 

The symbols {II and (l represent thti:! creation and annihilation operators for the 

pl,asl110n ic field mode ot the vrNP, O'lnd they adhere to the b osonic commuta tion 

rela t ion la/ a t] = 1. For simplicity in notMion., we hnvc removed the hnt from 

thp nppr;1 tor. I,,) ;'lnrl Ig) npnotp thp p)(citpn ;:Inn e-tno1lnn st;)ti:"s of th p h vn-lpvpl 

QD. "t - Ie) (gl and" - Ig) (e I sland as the dipole raising and lowering opera­

t ors for the tw"o-level QD, adhering to the fermionic anticonunutation relation 

{crt, u} - 1. w~ signifies the transition frequency of the QU exciton-to-ground 

statesr denoted as Ig) .The energy of the ground state Ig) is designated as zero 

for the sake of simplicity. Additionally, the zero-point energy for thc.frcc MNP, 

IIamiltonian has been negLected.This i s permissible as it only introduces Cl rel­

ative shift and does not a lter the dynamics of the MNP-QD system undel' in­

vestigation. The sec:ond term on the right-hand s ide (RHS) of Equation (2.1), 

i..=:onneded wilh Ule dipole-di pole ill.leTac tion l-Ianlillonian (llillr) belween Ule 

MNP and QD, can be expres:'*'d as: 

{Z.3) 

"Vhere g represenls the coupling sLrengLh between l1le piasmolllic field mode of 

the MNP and the two-lev el QD, in .accordance with the relationship tlg = Vi:. In 

this context, ,J signifies the transition dipole m oment of the two-level QD, and 

it is consldeIed t o be real W I thout any lo .. s of generalIty. The poslbve-frequency 

component of the dipole re~ponse field , gener ated by the oscillating ,>urface 

plasrn.on mode ot the MNl-' as e - u",l , is sensed by the UlJ. The expression /::" ;;; = 

"Fa arise'> from the induced polarization of the ·j\· •• fKP under the influence of 

the external ficLd"\i\ihere the expression for c = ':f = Sst, :rr~~~can be derived 

natumlly und coc.fficicnt g is defined as ~ / ~~~},. The third tc:rm on the right­

hand s ide (RHS) of Equation (2.1) considers the dipole interaction behveen the 
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HYBRID N ANO - STRUCTURE 

l\1NP and QU w ith th e external driving fie ld E ,1rf as a r esult: 

Hl'n..:,Eo n.:'prt:~nt::; the ilrnplitudc of the l:xterna l driving fidd i::; !hl: Wd fre­

quency of the exte rnal driving field alid X denotes the dipole moment of the 

MNP. 

bffective Hamiltonian t o remove the tune dependence In the HalnIltoruan 
under the Schrodinger picture, we can t ransfonn it into the interaction picture 

through a uni tary operation, To achieve this. we shift the total Hamiltonim 
(2.1) of th~ h ybrid lvtNP-QD 15Y15lenl into a rotatin~ rd~renc~ ham~ (interac­

lion piaure) relative Lo the frequency of tile eXLernal driving f ield (Wd ). To 

accomplish this, the unitary operator is selected as 

(2.5) 

SubsequenLly, empilly ing Lhe uni tary L,"ansfonnd Lion formula namel y 

(2.6) 

After perfolTIling sonle algebraic operations, we can ultimately obtain a tune­

independent effecti ve Hamiltonian for the system in the interaction p i ctu re" 

This is expressed as 

H ef f - tlf~"mat a + tlt.. ;r(T\" + lilg{at (T - av-t) - L O,II (crt + a) - [u(Xa t + x "a) 

(2.7) 

Here, the symbol A"I = Wm Wet Gignifie~ the dctunins of the plasmon reso 

nance frcqUCJKy Wm of the !\.1NP frollllhe frequency Wd of the c" lcrnill driving 

laser." Here, ~x = Wx - wd = wm + tl - wd indicates the detuning of the ex­
citon re'>onance frequency w" of Lhe L .. vo- Ievel QD ir0111 Ule frequency Wd of 

the external d riving la£er.In this context, the symbol ~ - ( c'x - (,),,, denotes the 

dduning of the exciton rcsonnnce frequency u..'x o f th e two- leve l QD from the 

plasmon resonance frequency '-'..1m of the ~INP. 
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HYBRID NAND - STRUCTURE 

2.2 The Lindblad Master Equation 

Thc Hamiltonian (2.1 ) mentioned above per tu ins to a closed quantum system , 

am.! iL uu~ nuL dLLuunL fur <'-B y lu:s~~ w iLhin the lvtNP-QD ~y~Lelll ~ LeILUlliIl~ 

from intera(tiuns with the external envirorunent. In reality, considering: the in­

fluence of the environment or reservoir involves (oupling the system with the 

environment, resu lting in the construction of an 3pe n quantum system cha r­

acterizeci by irrever sible dynamics. In this study, our primary focus i& on the 

hybrid :;ystem interclcting with cl squeezed Vclcuum, wSqll (refer to fil?;. 2.1). 

Till .. interaction is facilitated through the application of the unitary squeezing 
operator S(~) _ exp [ !(~ * (12 _ ~nt2 ) ] , on the VaCUlUll. state interaction specifi­

cally invoh ·es Ihe use of a squeezed vacuum, disLincL from Ule VaCUUJll or Uler­

ma l reservoir [18] .Here, S = rei</, d enotes the squeezing parameter, where the 

squeezing strength r,~ha racterizt:s the degree of squet:zing w ith a va lue range 

of 0 :s r < 00. The squeezmg angle, <P, represents the d lrec tlon of squeez­

ing w ith a value range of 0 ~ <P ~ 27T. To encompass incoherent processes 

and fully characterize the dynamics of the MNP-QD system using the den­

sity matrix operator p, we can utilize the Lindblad master equation u nder the 

Born-Markovian and secular approximaliolls [19]. 

Where 

,Ip '[H I L .) L .. dt - - ti ,P + (idd(P + QDtP'! 

;..rK I t I 
Lf,.,k l(P) -T(2n P(I - aa P -P(I-:I ) 

+ (N+l)K(2a pa t - atap - pata) 
2 

MK 
- T(2apa - aap - p"a) 

M *K - -2-(2a t pll t _ a t a t iJ - pa tat) 

9 
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and 

(2.10) 

In the above context, the impact of the squeezed vacuum field is d enoted by 

the parameter sN, M and cp respective ly.These parameters are intricately linked 

t o the squeezing parameter S = re i</> in the following manner [19] N = 1Sinh2 (r ) 

and M - sinh (r) cosh ( r)e- iof , where I\" represent s the mean number of photons 

in the squeezed vacuum, and M s ignifies the intensity of the tvvo-photon cor re­

lation f201 .The squeezed vacuum reservoir transitions into a standard vacuum 

reservoir when N - I MI - O. Furlhermore, i l Lransfonns inlo a Lypical Lhermal 

radiation reservoir w hen N = 0 and IMI = 0 (21J. To maxilnize the effects of 

squ eezing, we make the assumption that IMI - y'N (N + 1), representing the 

mn ximum permissible va lue for 1M f221. Moving forwnrd. we w ill in vestignte 

the impact of the squeezed vacuum on the optical characteristics of the hybr id 

MNP-QD system . considering the squeezin g strength (r ) and the squeezing 

phase (cp ) as the variables .In this context, K = Kr + K llr and i represent the 

decay rates o f the MNP and the QU, resp ec tively. Kr accounts for radiation 

loss due to rndintion to the fnr field, K llr addresses nonrndiation loss cau sed by 

Ohmic loss, and 1'dp}, is Lhe d ephasing raLe of the QD. 
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2_3 Heisenberg Equation Of Motion 

Starting from the qu antum master equa tion, we can derive the coupled equ a­

tion of motion for the cxpcct n tion values of the MNP plnsmonic field. 

aa a ( a ) 
()f - dt Tr (ap ) - Tr a dtP (2.11 ) 

By ,.ubstituting Eq,. (2.7) and (2.8) intu Eq. (2.11) and apply ing the re le vant 

l:onunuta tion r e la tions, we o:..:an det ermine: 

(an ) (. x K)(. () jEox 
~ = - Jilm + - tI } + g (T + - , -
(It 2 1/ 

(2 .12) 

Similarly, fo llowing the same approach as before, we can derive the coup led 

equa tion of motion governing the expectation value of the cxdtonic transition 

operator, which determines the (lD polarization, as 

- = -Tr(lTp) =Tr IT-P a" a (a) 
i)t rH iH 

(2 .13) 

Through a series of calcula tions based on the d eri ved equations, we obtain: 

au ( . i 'YdPI! ) ( at ) ~ - ,t.x + (2N + 1)2: + -2- (IT) - g(n) 

I iEO!) I ' I + 2g( a" O'l + ,,(1 - 2(0" " I) - M',(O' ) 

(2.14) 

From Eq. (2.12), we can obtain the ann ly ticn l solution for a in the s teady sta te 

by equa ting the left s ide of Eq. (2.12) to zero. 

(2.15) 

In the regime of a weak driving field, where the number of excitons in the QD 

cnn be approximately neglected, i. e., (crtO' ) « 1, we can obtain 

(2 .16) 
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The p arameters g and X i f> given as: 

(2.] 7) 

and 

(2.1R) 

! : 1E)-·········:··········u ~ ........... -:.-..... -.... :.-.... --.u·l~~! 
14 16 18 ~ ~ u 

Figure 2.2: The graph s d epict the coupling strength g behveen the MNP and 
QO, a long w ith the modulus of the compl ex dipole moment X of th t: MNP Tn 
panel (a), these parameters are examined concerning the M-:--.w-QD center-to­
cenLer dis lance d when r m = 7 nm. Panel (b) explores the coupling sLrengLh g 
and the modulus of X as functions of the MNP radius Ym when d = 14 nm. AU 
graphs maintain Lonsistency with s p ecific syste m parameters: Set = 2., fl = 0.7 
e nm, lOb = 1, u-' p = 7418.71 meV, K = 5 3.28 meV, and £"", = 4.6.The blue solid 
line correspond s Lo the le fL axis, while the dashed red line corresponds 10 Lhe 
right axis in each panel 

2.4 Quantum Polarization Operator 

Aftel' determining both g ard X , we can derive the complete expression for the 

LoLal pola r iza Lion operaLor P as 

p ~ ?('a + !'CT. (2.1Y) 
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The resonance fluorescen ce of the hybrid MNP-QU system is m anifested throu gh 

the power s p ectra l d e n sity. By utili zing the first-order con-e la tion fun ction 

( pt (T) P(O)) ,Lh e correspondi ng powe r s p ecLral d ensi Ly is d e fin ed as the Fourie r 

Lra ns form of Lhe fir s L-order co rrela Lion fLmcLion [1 9, 23}. 

J
+= 

S(w) = = (Pt(T) P( O))e- i"" <iT. (2.20) 

In the limit of a ste ady s ta te (t ----j. 00 ) we assess the fluorescen ce spec trum 

S( w) utilizing the q u antu m regression theorem [24]. The intrica te n a ture of the 

ilnnly ticu l results necessita tes numerica l solu ti on s of the full m aste r equa tion 

(2.8). It's important to h ighlight tha t a ll computa tions are p erformed in the 

rotating fr a m e a t the dri ving fi e ld frequency U)d. 

2 X 10-7 

~f{"'" A :f 'b'~OII 
o 

-200 -100 0 100 200 -200 -100 0 100200 
c: 

i ~:~f{""" I 
d: -200 -100 0 100200 
en 

10 r.:--:-------, 
5 l{"~I~ 
o 
-200 -100 0 100 200 

W - w d (meV) 

10

1
'., .... 5 

S ---L 
o 
-200 -100 0 100 200 

:~f lO'-2 I 
o 
-200 -100 0 100 200 

W - w d (meV) 

Figure 2.3: The fluo rescen ce sp ectra a re p resented for a set of p aram eters 5 1>. -
2, II = 0.7 e nm, rm = 7 nm, d = 14 run, Cb = 1, I = 0.05 m eV, Idph = 0.005 
m eV, ¢ _ 0, , _ 1 W /cm 2, Am _ 0 m eV, an d A _ 0 m eV The six p an els 
illustrate d is tinct squeezing amplitudes: (a) r - 0 i (b) r - O.Oli (c) r - O.l i (d) 
r = 0.5; (0) r = 1; and (f) r = 2. 
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Chapter 3 

Metal-Nano-Particale As Nano-Ring 

3.1 The MNP Nano-Ring 

Now, let's shi ft our focus to arrangement the metal nano particles in a ring con­

figuration, which work like it magnet in the visible light range [? ]. Our goal is 

to understand the quantum side of this setup, basically, how these tiny parti ­

cles be ha ve w hen we b ring in the specia l m olecule we talked about befo re. This 

special addition is expected to b ring ou l some inte resting changes, like adjust­

ing how our magnet works and making it respond in it not-50-straightforward 

m anner. To de te rm ine the II or c o f a me tamaterial , i t's a standard a pproach 

to sep ,uatc its response to e ither an electric or magnetic ficld, depending on 

the specific incident field u sed . Now we calculate II and i? using a specific 

excitation me thod, the*, properties effecti vely capture how the metamateria l 

responds to any form of incident field.Hence, our investigation will specifi­

call y target extracting and understanding the magnetic behav ior of the ring [? 

I To achieve this, we apply a high-frequency magnetic field along the normal 

axis of the ring, as illustrated in (Fig 3.1). Consequentl y, the MNPs undergo 

the fo ll owing electric field 

(3 .1 ) 

Induced by the time -va rying incident field H HoC - iw1£, where R de-

13 



METAL-NANO-PARTICALE AS NAN O-RING 

notes the radius of the ring, w d represents the frequency of the driving field, 

and R, 0, and z serve as unit VE'(tors within the cylindrical coordinate system. 

The d isplacement field generated within each magnetic nanoparticle is sim­

ilarly aligned along the azimuthal direction. Due to this symmetry, there is 

no net electrical response, enabling us to concentrate specifically on the mag­

netic response of the system. A circular displacement field current is initiated, 

functioning as a magnetic dipole whose strength is determined by [? \. 

11/ = (3.2) 

Where N denotes the count of electric dipoles within the ring and P.\1NP repre­

sents the dipole moment of an individual magnetic nanoparticle. The configu­

ration illustrated in Figure 3.1 emphasizes our consideration of a material dis­

playing magnetic response exclusively along the z direction.Therefore, the ma­

terial demon strates anisotropi c behaviorTo achieve isotropi c beha vior across 

all directions, it is recommended to employ Achieving this involves creating 

a cubic lattice consisting of three orthogonal arrays of nanorings for the ma­

terial. lhis objective C(ln be accompli shed within (l face-centered cubic lattice, 

enabling the integration of up to four di stinct nanoring orientations within a 

single unit cell. [? ). Moreover,we specifically focus on the scenario where N 

= 4, as thi s represents the minimum number of magnetic nanopartic1es within 

the ring. This choice ensures that the magnetic dipolar response takes prece­

dence over higher-order multi poles [? ]. It is essential to preserve the accuracy 

of characterizing the l11etamaterial's magnetic fetiponse by considering the ef­

fective permeability parameter.(/Ieff), vVe proceed to derive the expression, as 

detailed in the reference [? ].We initiate the calculation of the dipole moment 

for an individual magnetic nanopartic1e within a qUil ntum frilmework. While, 

strictl y speaking, a quantum approach may not be essential as the process is 

fundamentally ciassicill, we establish the quantum formalism at this stage for 

[utun;: inkgmtio n of MNP -QD mdamol<:eule ::; into the ring in the ti llbse'llient 

section. Consequently! the equations of motion derived through this frame­

work remain applicable even in the classical regime. 
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Figure 3.1 : MNP nan oring 

3.2 Hamiltonian Of The MNP Nano-ring 

TIle Hamiltonian of the MNP nanoring is expressed as follows. 

w here 

N - 1 

Adri = - Eo E (X*a"e- iwdt + Xa ~elwd t) 
n=O 

(3.3) 

(3.4) 

(3.5) 

TIlt' frequency of inter-magnetic nanopartide coup ling is denoted as ',,"1' It 
for nearest-neighbor coupli ng, an d lz for next-nearest-neighbor coupling it is 

denoted as 

(3 6) 
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METAL·NANO·PARTICALE AS NAN O-RING 

The term QI{l ) represents the scalar interaction between closest (next-(iosest) 

neighborir magnetic nanopartic1es. This interaction term incorporates both near­

field and radiative interactions. [? I.We express as 

t!2kR 
Q,~ , ( - 16k'R'+4R' (I-i2kR )), (3,8) 

128 lTfoC"b R 

Here, k represents the wave vector of light, defined as, k = W \/fofb/1o/1 b. 

3.3 Expectation Values Of The MNP Nanoring 

The complete system Hamiltonian, we can derive the equation of motion, as 

a/l. Specifically, for N=4: 

Solving the set of coupled equations in the steady state is straightforward due 

to the system's inherent sym metry, resulting in unifo rm expectation values for 

each dipole. Utilizing equations (2.18) and (2.19), we can express the dipole 

moment of an individ ual magneti c nanopa rticle 

"'" ~ ( IXI'WI,oRHo ) (I + i(21) + h)) -1 (3 .10) 
NP ",(,.' + 'l! ) " + 'l! £J, '-' ,,, 2. '-' m 2. 

3.4 Effective Permeability Of The MNP Nanoring 

Subsequently, by employing Eq. (3 .2), we can determine the magnetic polariz­

ability of an individual nanoring, denoted as a", = f1o. The lief! of system, often 

referred to as the metamaterial, can be determined through the application of 

16 



METAL·NANO·PARTICALE AS NAN O-RING 

the Maxwell-Garnett mixing formula [? ? 1. 

(3.11) 

The parameter N J signifies the volume of nanorings within the composite sys­

tem. The inclusion of the im term in the denominator is relevant only when 

the nanorings are integrated into a regular three-dimensional array. In such a 

configuration, the radiative damping of the magnetic dipole is nullified.[? J. 
In Fig . 3.1, we illus trate the lief! of a metamaterial featuring nanorings with 

2, 3, and 4 magnetic nanopartide (MNP) inclusions. VVhile it is emphasized 

that the effective pemleability is physically meaningful only for N=4, we in­

clude plots for N=1,2,3to demons trate the influence of a single r.,iNP(indicatcd 

by the vertical dashed line). Both Fig. 3.1 (a) and (b) showcase the material 's 

resonance properties, with panel (b) displaying negative real values. The MNP 

nanoring is characterized by the parameters from Ref. [? 1. 
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Chapter 4 

Unite Cell Of Quantum 

Metamaterials 

4.1 Metal-Nanoparticle - Quantum Dot Nano-Ring 

Now, we' re switching things up a bit. Instead of the original MNP, we're usin g 

11 <:ombin a tio n of MNP a nd QD m eta m o lecules in o u r nann-ring design as 

shown in Fig 4.1 (c). In this scenario, two magnetic dipoles are tri ggered by the 

incoming magnetic field: one created by the MNP ring and the other by theQD 

ring. Once more, we employ Eq (3.12) to compute the effective permeability 

of a metamaterial compri sed of these MNP-QD nano-rings. However, in this 

instance, we need to address the presence of tv-'O magnetic dipoieexcitation's, 

while also consid ering the interactiom between MNPs and QDs 

18 



UNITE CE LL OF QUANTUM METAMATERIALS 
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4.2 Hamiltonian of the MNP-QD Nano-Ring 

The Hamiltonian of the M NP - QD nan o-ring is expressed as follows. 

Where the Indi vidule terms are 

N- ' 
hint = L IiJn m({j~ilm + iI~,al1)' /J t- III 

H,m= O 

N- ' 
" /.[ (.,. . , .) + L 'mn (J,,(J'WI + (J'",(JII , 

" ,m= O 

N- ' 

n o/- m 

+ L iflgl1m ( a~itm + il l1it,!,), /I of- III 
" ,m= O 

N - l N - l 

(4.1) 

(4.2) 

Adri = -Eo L (x' il"e- iwdt +xit:'eiWJt ) - Eo/, L (i'tne - iWJf +O",~eiwdt) (4.3) 
,, _ 0 H_ O 

19 



UNITE CE LL OF QUANTUM METAMATERI ALS 

4.3 Expectation Values Of The MNP-QD Nano-Ring 

Initially, we're figuring out how materials respond when exposed to a weak 

magnetic field. To tackle thi s, we're working with steady-state MB matrix 

equations, taking into consideration the unique features of each location in 
the system. 

Dlt= BiI+e 

(4.4) 

(4.5) 

Where the if and II are vectors. Wher {j and II at each site in the MNP - QD 

nano-ring is 

ii= (4.6) 

Where the matrix A represents the M N P - M N P interac tions in the MNP­

QD nano-ring which we can writer as 

i~II +~ i lt i}z 'Ii 
A ~ 

iTt i6.l11 + ~ ilt 
'h I ilz i lt i6.nl + ~ 'Ii 

iTt ilz ih 1/).111+~ 

(4.7) 

Here, 111 represents the MNP-MNP coupling frequency, which has been de­

tailed in Chapter 2 and the matrix D represents the QD - QD interactions in 

the MNP- QD nanD-ring, given as 

Where the 11 , h denote the closer and next-closer neighbor coupling fre­

quendes, respectivel y, which is defined as 

(4.8) 

The matrix B represents the coupling between M N P and QD, called coupling 

matrix which is define as 
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UNITE CE LL OF Q UANTUM METAMATERI ALS 

In this context, the coupling frequency gl pertains to interactions between 

MNP and QD when they are on the same site. On the other hand, g2 corre­

sponds to the coupling between an MNP and its neighboring QD located at the 

next nearest site. Referr ing to Figure 4.1 (c), it is evident that the interactions 

bern'een same-site and next-nearest neighbors are transverse, as indicated by 

the value 5 = -1. Because of the external electric field in the azimuthal direction 

stimulating the ring, the QD located on the same site and those at the neigh­

bor site relative to each MNP are compelled to move in opposite directions. 

Consequently, their oscillations are in anti-phase, a characteristic refleded by 

the negative values within the matrix. We observe that the next-nearest neigh­

bor QD plays a role in di minishin g the impact of the same-site QD on each 

MNP_ Fano interference sti ll occurs due to the stronger same-site interaction 

frequency. Likewise, the QDs situated as nearest neighbors to a MNP also ex­

hibit w ith differents relationship. In such scenario, their interaction frequency 

is identical, resulting in a cancellation of their combined effect on the MNP. 

Lastly, the vectors C and E symbolize the Edr; forces acting on the MNPs and 

QDs, influenced by the induced E field. 

The different sizes of the MN P and QD nano-rings, with si zes represented 

by Rl and Rz , we can use these equations to figure out how each MNP and 

Q D in the nano-rin g behave in terms of their dipole moment. 

(4.9) 

(4.10) 

4.4 The Magnetic Polarizability Of the M N P - Q 0 

Nano-Ring 

The p rocedure which is use in cha pter no.2 we calculate the magnetic dipole of 

both the MN P and QD rings.The magnetic polarizability of the entire MN P -

Q D nano-ring can be determined through the following expression 11m = nIMNI'R:
mQD 
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4.5 Effective Permeability Of MNP-QD Nano-Ring 

To calculate the ( 11 ~ ff) ' we can utilize Equation (3.12) to compute the (11"ffl of 
a metamaterial constructed from M N P - QD nano-rings. Where the meta­

material's (fl,jfl is illu strated in Figure 4. 1(a), (b). Because of the red-shi ft ob­

served in the magnetic resonance of the M N P ring, as detailed in chapter 3 

(refer to Fig. 3.1), adjustments were made to red -shift the QD resonances . This 

modification was implemented to facilitate Fano interference. The tvlNP ring 

possesses a radius of Rl = 38 run, whereas the QD ring has a radius of R2 = 

6 nm. Consequently, the separation hetv.'een the M N P and QD on the same 

site is d = 32 run, a value consistent with the MNP-QD molecule discussed 

in Chapter 2. However, it is evident that the Fano interference exhibited in 

the effective permeability is more pronounced compared to what is observed 

in the polarizability of an individual MNP-QD molecule (refer to Fig . 2.1). 

This phenomenon arises from the interactions betv.'een multiple QDs in the 

nano-ring and each MNp, whether through direct interaction or mediation via 

MNP-MNP interactions. In Figure 4. 1(d ), we illustrate the transformation of 

the real part of permeilbili ty from positive to negative by introducing QDs in 

the nano-ring design, ilchievcd through Fano interference. Although the mag­

nitude of the Fa no-affected R (,Ieff), when negative, ma y not be exceptionally 

large, it is contingent upon the magnetic resonator's strength. Nevertheless, 

the resonance strength can be amplified by augmenting the number of sites in 

the ring [? ]. 

It's dear that integrating Q Ds into the MNP nanoring has effectively trans­

posed the di stinctive Fano line shape of the meta-molecule onto the (' I~fd of 

the resulting meta-material. This mean s we have the power to adju st when cer­

tain effects happen. For example, in Figure 4.l(d), we can see that at a specific 

point where MNP and QD interact, a dip in the response muses a -ve effect, 

gi\'ing us more control over how the material behaves. TIlereiore, by actively 

adju s ting the d etuning behNeen the MN Ps and th e QD s, it b ecomes possible 

to change the frequency at which the meta-material exhibits -ve permeability, 

as demonstra ted in Figure (4.2). Whever a trade-off for this adaptab ility: as the 

QDs move away from the magnetic resonance, the range of frequencies show-
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Figure 4.2: Tunability Of the MNP-QD 

casing the effect becomes narrower. The bandwidth (.5) of the dip decreases 

from 0.04 THz to 0.02 THz as we shift the QD away from the resonance of 

the MNP nano-ring. u>sp ite reduction, still stands when compared by experi­

ments withcold rubidium atom s in Electromagnetically Induced Transparency 

(EIT), where the observed bandwidth is a mere 50 MHz [? ]. 

4_6 Fano Rasonance 

Fano Resonance occurs when an allowed discrete energy state interferes with 

an overlapping continuum of states, leadin g to an asymmetric line-shape in 

the resulting spectmm show in Fig (4.3). Our calculations have been restricted 

of the context of a weak field. However, to delve into the nonlinear properties 

of the nano-ring metamaterial, we must now consider the influence of a strong 

driving ficld.In the scenario where the MNP-QD meta molecule experiences 

strong driving from an intense light field, there is a profound alteration in its 

optical scattering properti es. The driving field saturates the QD.leading to the 

disappearance of its interaction with the MN P fieJd.lhe emergence of this non-
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linear Fano effect is beyond the predictive capacity of classical or semiclassical 

theories. It has been explored in prior studies of isolated MN P - QD systems 

and more recently observed in quantum-well structures [? ? ]. In Figure 4.3, we 

deliberately chose parameters for our investigation to demonstrate this partic­

ular effect in a single MN P - Q D system within the nano-ring. Both the MN P 

and the QD experience the same external field . Progressing from the top row 

to the bottom row, it becomes apparent that with increasing field intensity, the 

dlaracteristic Fano dip in the meta-molecule's po[arizabili ty dimini shes due to 

the saturation of the QD population. These findings were obtained by numeri­

cally solving the full rna.ster cquiltion, which cntilils solving thccigcnproblcm. 

(4.11) 

In this context, pss denotes the density matrix of the system in the Non­

Equilibrium Steady State (NESS). The difficulty stems from the unbounded 

dimensions of the boscn ic MN P field mo de, which is characterized by an infi­

nite Hilbert space. To account for the non-classical behavior of the system, each 

Jilflen~iUIl uf the MNP fidJ'~ Hilbert ~p"(.:e i~ trum,;ateJ with" luwer buunJ 

set at d = 15. Resolv ing this challenge aligns with the quantum optics toolkit 

established by Tan. [1 j. 

While our nano-ring consis ts of a minimum of 4 MN Ps, resulting in a vast 

combined Hilbert space, the current computational demands limit a compre­

hensive exploration of the saturation of the nanoring. Despite these compu­

tational constraints, if the QD in the M N P - Q D metamolecule reaches satu­

ration , a similar saturation is logically expected when coupled to the MNPs 

in the nanoring. The integration of QDs into the MNP nanoring induces a 

negative permeability at their resonance frequen cy; as depicted in Fig. 4.1 and 

Fig. 4.2. Consequently, if the QD is saturated by a distinct control fie ld, the 

permeability cou ld be manipulated and varied with li ght intensity, transition­

ing betwe en p ositive and negative values . In futu re investigations, techniq ues 

from many-body quantum systems may be combined with our formalism to 

facilitate more manageable computations [1 J. 
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Fi gure 4.3· Exa mi ning the non linear cha racteristics of the MNP - QD meta­
molecule, we compare the imaginary (a), (c) and real (b), (d) components of the 
polarizability. The upper row ill ustrate s the response to a weak external driv­
ing field EO/I = 0.0001, meV, while the lower row demonstrates the behavior 
under a strong dr iving fie ld EO/I = 0.1. meV. In both scena rios, the MNP - QD 
detun ing is fixed a t 11 = 0. 195 X 1015 , rad 5 -

1
. 
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Chapter 5 

Conclusion 

When combined with two-level quantum dot systems, the quantum optical 

framework designed for the negative permeability metamalerial has revealed 

important new information. Notably, the overall magnetic properties of the 

metamaterial have bem observed to be influenced by the detection of Fano 

interference inside the hybrid stmcture of metamaleriai and quantum dots. 

This phenomena has bl;'ell u~d to control the metamaterial's characteristics, 

dcmonstrilting possible real-world uses. Furthermore, the study of nonlin­

ear Fana effects at high driving conditions has uncovered fascinating dynam­

ics in the nano-ring_ On the other hand , difficulties have surfaced in obtain ­

ing autonomous control over the distributed fields of electric and magnetic 

energy. Future studies aiming at combining magnetic nanoring resonators 

with a broadband negative permitti vity background are now necessary as a 

result of this. Control over the metamaterial's refractive index and d yn.."1 mic 

modifications of its magnetic response may be made possible by such an in­

tegration. Tn metal nanopartic1e (MNP) fields, the s ignificanre of taking re· 

alistic damping into account has been emphasized. Various potential solu­

tions have been suggested, such as including gain materials or alternative 

nanos tructures . Strongly polarized plasmonic nanostructures that are com­

plex have been suggested as workable substitutes that preserve the qualitative 

aspects of the theoretical framework. It has been shown in a different study 

that it is possible to engineer and control the optical fluorescence spectra of 

the MNP-QD molecule by using a quantum-squeezed reservoir. The results 
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CONCLUS ION 

have demonstrated the tunability of spectrum characteristics, including fluo­

rescence quenching, amplification, narrowing, and Fano-type resonance fluo­

rescence. The ability to modify the quantity and orientation of fluorescence 

peaks has been highlighted, indicating possible uses of the hybrid MNP-QD 

system in optical modulation, lasing, switching, and sensing. 
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